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MEASURING METHOD, MEASUREMENT-SIGNAL OUTPUT CIRCUIT, AND 

i 

MEASURING APPARATUS 



VKrtd of the Invention 

[0001 ] The present invention relates to a measuring method, a measurement- 
signal output circuit, and a measuring apparatus. In particular, the present invention 
relates to a measuring method, a measurement-signal output circuit, and a measuring 
apparatus suitable for the detection of a change in frequency due to a slight adhesion in 
mass on a piezoelectric vibrating reed functioning as a measuring sensor. 

Descri ption of t he Background Art 

[0002] In the fields of, for example, food, biochemistry, and the 
environment, the Quartz Crystal Microbalance (hereinafter, referred to as QCM) method is 
used to measure, for example, presence of a specific substance and the density of such a 
substance. This QCM method employs a mass-measuring quartz vibrator which includes, 
as a major component, a quartz vibrating reed as a piezoelectric vibrating reed provided 
with a sensitive membrane which absorbs a specific substance. The sensitive membrane 
of the mass-measuring quartz vibrator has a molecular recognition function for achieving, 
for example, the densitometry and detection of the specific substance, and an exciting 
electrode is formed on the piezoelectric vibrating reed (quartz vibrating reed). For 
example, the detection and densitometry of a specific substance in liquid by the QCM 

method is carried out as follows. 

[0003] A piezoelectric vibrating reed having a sensitive membrane formed 
thereon is placed in a solution and then oscillated until the oscillation frequency in this 
liquid stabilizes. Then, a substance which causes the reaction of absorbing or depositing 
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substances in the liquid onto the sensitive membrane or the reaction of desorbing or 
decomposing substances on the sensitive membrane or a substance to be detected is added 
to the liquid, and the sensitive membrane on the piezoelectric vibrating reed is reacted 
with the specific substance to be measured. As a result, the mass on an exciting electrode 
of the piezoelectric vibrating reed increases or decreases, and the oscillation frequency of 
the piezoelectric vibrating reed decreases or increases accordingly. Consequently, the 
presence, density, and mass of the specific substance to be measured in the liquid can be 
obtained. 

[0004] Japanese Unexamined Patent Application Publication No. 7-43284 
describes an assay system for the amount of chemical substance by this QCM method. 

[0005] In this method, a piezoelectric vibrating reed having a sensitive 
membrane formed thereon is connected to an oscillator circuit. This oscillator circuit is 
connected to a frequency counter. Furthermore, this frequency counter is connected to a 
computer. In an apparatus with the above-described structure, the piezoelectric vibrating 
reed is placed in a solution containing chemical substances and then oscillated. The 
oscillation frequency at this time is measured with the frequency counter. A change in 
frequency is obtained by subtracting from this measured oscillation frequency the 
frequency when the above-described sensor placed in a solution not containing chemical 
substances is oscillated, so that quantitative analysis of the chemical substances is 
performed. 

[0006] In the conventional measuring apparatus with the above-described 
structure, the oscillation frequency of the piezoelectric vibrating reed is measured with a 
frequency counter, which separately requires a highly stable frequency oscillator source, 
and the frequency accuracy greatly affects the measurement accuracy. Furthermore, a 
highly stable and accurate frequency counter is expensive, and the conventional measuring 
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apparatus is large. 

[0007] In addition, measurement with a frequency counter requires at least 
one second of measuring time to increase the measurement accuracy, which is too long to 
detect a change in frequency in a short period of time. 

[0008] Also, an oscillator circuit has temperature characteristics, and hence 
a change in temperature in the measurement environment greatly affects the measurement 
accuracy. In order to eliminate measurement errors associated with temperature 
characteristics, the system of measurement needs to be installed in a temperature- 
controlled environment, which causes the measuring system to become costly and large. 

[0009] To overcome the drawbacks associated with the known art, an object 
of the present invention is to construct a measuring apparatus for detecting a change in 
frequency of a piezoelectric vibrating reed with a simple circuit and to provide a 
measuring method and a measuring apparatus for a mass-measuring vibrating reed which 
makes this measuring apparatus inexpensive and compact. 



Summary of the Invention 

[001 0] In order to achieve the above-described object, a measuring method, 
a measurement-signal output circuit, and a measuring apparatus according to the present 
invention have the following features. In a method for measuring the mass of a substance 
to be detected which adhered to the piezoelectric vibrating reed based on a change in 
oscillation frequency of a mass-measuring piezoelectric vibrating reed, the change 
resulting from the substance sticking to the piezoelectric vibrating reed, the oscillation 
frequency of the piezoelectric vibrating reed is input to a phase comparator of a phase loci 
loop circuit as an input signal. In the phase lock loop circuit, the oscillation frequency of 
the piezoelectric vibrating reed is obtained based on the output from a loop filter 
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connected downstream of the phase comparator. 

[001 1] With this structure, the phase lock loop (PLL) circuit is controlled so 
as to phase-synchronize with the oscillation frequency of the piezoelectric vibrating reed. 
Thus, the output from the loop filter constituting the PLL circuit correlates with the 
oscillation frequency of the above-described piezoelectric vibrating reed. That is, when 
the oscillation frequency of the above-described piezoelectric vibrating reed changes, the 
output from the loop filter also changes according to the change in the above-described 
oscillation frequency. A change in oscillation frequency of the above-described 
piezoelectric vibrating reed can be obtained by measuring the amount of change in output 
from the loop filter. 

[001 2] This is a measurement-signal output circuit for outputting a signal for 
detecting the oscillation frequency of an oscillator circuit which oscillates a mass- 
measuring piezoelectric vibrating reed. The measurement-signal output circuit includes a 
voltage-controlled oscillator oscillatable at an oscillation frequency of the piezoelectric 
vibrating reed; a phase detector which obtains the difference in phase between an output 
signal from the voltage-controlled oscillator and an output signal from the oscillator 
circuit; and a loop filter having an output end connected to the voltage-controlled 
oscillator and an output terminal and outputting a voltage according to the difference in 
phase obtained by the phase detector. 

[001 3] In this case, the above-described piezoelectric vibrating reed includes 
a sensitive membrane on an exciting electrode on one surface thereof so that it is used for 
measurement in liquid. Furthermore, the above-described piezoelectric vibrating reed 
includes a sensitive membrane on an exciting electrode on one surface thereof or sensitive 
membranes on the exciting electrodes on both surfaces thereof so that it is used for 
measurement in air. In addition, a measuring apparatus including these measurement- 
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signal output circuits can be constructed. 

[001 4] With this structure, the voltage-controlled oscillator, the phase 
detector, and the loop filter constitute a PLL circuit and an output terminal is provided at 
the output end of the above-described loop filter. Hence, a part of the voltage output from 
the loop filter that controls the oscillation frequency of the oscillator circuit so that the 
oscillation frequency phase-synchronizes in the PLL circuit can be obtained from the 
output terminal. Based on the voltage output from this output terminal, the oscillation 
frequency of the above-described oscillator circuit can be obtained. For this reason, the 
oscillation frequency of the above-described oscillator circuit can be obtained without the 
use of a frequency counter, so that the size of the apparatus can be reduced. Thus, because 
a frequency counter and a highly stable oscillator source are not used, the measuring 
apparatus can be manufactured at a low cost. 

[001 5] Since a measurement is a voltage, a change in frequency in a short 
period of time can be obtained by monitoring a change in this voltage. 

[001 6] Furthermore, an apparatus that is resistive to a change in temperature 
can easily be produced by matching the temperature characteristics between the above- 
described oscillator and the voltage-controlled oscillator. 

[001 7] Furthermore, an exciting electrode is formed of a sensitive 
membrane on one surface or both surfaces of the piezoelectric vibrating reed, and thereby 
this measuring apparatus can perform measurement both in liquid and air. 

Brief Description of the Drawings 

[001 8] Fig. 1 is a block diagram of a measurement-signal output circuit 
according to the present embodiment; 

[001 9] Fig. 2 shows a frequency detected in an oscillator circuit; 
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[0020] Fig. 3 is a block diagram of a measuring apparatus; and 
[0021 ] Fig. 4 is an illustration of a measurement-signal output circuit 
including a frequency divider according to the present embodiment. 

Detailed Description of the Preferred Embodiments 

[0022] Embodiments of a measuring method, a measurement-signal output 
circuit, and a measuring apparatus according to the present invention will now be 
described with reference to the attached drawings. 

[0023] Fig. 1 is a block diagram of a measuring apparatus according to the 
present embodiment. This measuring apparatus includes an oscillator circuit 10 which 
oscillates a mass-measuring vibrating reed and a measurement-signal output circuit which 
outputs a signal for detecting the oscillation frequency of the oscillator circuit which 
oscillates the above-described mass-measuring piezoelectric vibrating reed. 

[0024] The mass-measuring vibrating reed (hereinafter, referred to as the 
piezoelectric vibrating reed 12) includes exciting electrodes formed on both surfaces of 
the piezoelectric material, and has a sensitive membrane applied to the exciting electrode 
on one surface or sensitive membranes applied to the exciting electrodes on both surfaces. 
Here, the piezoelectric vibrating reed 12 having the sensitive membrane applied to the 
exciting electrode on one surface is used in liquid or air, whereas the piezoelectric 
vibrating reed 12 having the sensitive membranes applied to the exciting electrodes on 
both surfaces is used in air. Furthermore, the piezoelectric vibrating reed 12 is made of 
piezoelectric material such as a quartz vibrating reed. The oscillator circuit 10 which 
oscillates the piezoelectric vibrating reed 12 includes means (not shown) for outputting the 
oscillation frequency of the piezoelectric vibrating reed 12 to a phase comparator 22 of the 
measurement-signal output circuit as an input signal. 
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[0025] The measurement-signal output circuit for detecting the oscillation 
frequency of the mass-measuring vibrating reed includes a phase lock loop circuit 20 
(hereinafter, referred to as a PLL circuit), which includes the phase comparator 22, a loop 
filter 24, and a VCO 26. The input end of the phase comparator 22 is connected to the 
output ends of the above-described oscillator circuit 10 and the VCO 26. The output end 
of this phase comparator 22 is connected to the input end of the loop filter 24, and the 
output end of the loop filter 24 is connected to the input end of the VCO 26. Furthermore, 
a feedback loop 28 is provided which feeds back the signal output from the VCO 26 to the 
phase comparator 22. The PLL circuit 20 is a closed circuit as a whole. In addition, the 
PLL circuit 20 is provided with an output terminal 30 which outputs the voltage output 
from the loop filter 24, and a buffer circuit 32 is connected to this output terminal 30. 

[0026] The phase comparator 22 obtains the phase difference between the 
output signal output from the VCO 26 and the input signal from the oscillator circuit 10 
outputting the oscillation frequency of the piezoelectric vibrating reed 12, and then outputs 
a deviation signal according to this phase difference to the loop filter 24. This loop filter 
24 eliminates high-frequency components and noise of the above-described deviation 
signal, and outputs a smoothed DC voltage to the VCO 26. The VCO 26 outputs a 
frequency based on the above-described smoothed voltage to the phase comparator as an 
output signal. Here, the VCO 26 is oscillatable within a frequency range necessary for 
measurement including the oscillation frequency of the above-described piezoelectric 
vibrating reed 12. 

[0027] In the above-described measuring apparatus provided with the 
measurement-signal output circuit for detecting the oscillation frequency of the mass- 
measuring vibrating reed, a method for measuring mass based on a change in oscillation 
frequency of the mass-measuring piezoelectric vibrating reed 12 is described below. 
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[0028] Fig. 2 shows a change in oscillation frequency of the piezoelectric 
vibrating reed 12 placed in a solvent when a substance to be detected is put into the 
solvent. First, the piezoelectric vibrating reed 12 functioning as a measuring sensor is 
placed in the solvent, and then the piezoelectric vibrating reed 12 is oscillated by the 
oscillator circuit 10. At this time, the oscillation frequency of the piezoelectric vibrating 
reed 12 becomes lower than the reference frequency in air. Next, the piezoelectric 
vibrating reed 12 is oscillated until stabilized, and then a substance to be detected is put 
into the above-described solvent in which the piezoelectric vibrating reed 12 is disposed. 
This substance to be detected diffuses in the solvent, and partly sticks to the above- 
described exciting electrode of the piezoelectric vibrating reed 12. At this time, the 
oscillation frequency of the piezoelectric vibrating reed 12 decreases because it has 
absorbed the above-described substance to be detected, and the oscillation frequency 
becomes lower as more of the substance is absorbed. 

[0029] The oscillation frequency of the piezoelectric vibrating reed 12 at 
this time is input to the phase comparator 22 of the PLL circuit 20 via the oscillator circuit 
10 as an input signal. Also, the output signal of the VCO 26 is input to the phase 
comparator 22. Then, the phase of the above-described input signal is compared with the 
phase of the above-described output signal, and a deviation signal according to this phase 
difference is output to the loop filter 24. In the loop filter 24, high-frequency components 
and noise of the above-described deviation signal are eliminated, and the deviation-signal 
is then output to the VCO 26 as a smoothed DC voltage. The VCO 26 oscillates based on 
the above-described DC voltage, and outputs a frequency which is voltage-controlled such 
that the phase difference from the above-described input signal becomes small. This 
output signal is fed back to the phase comparator 22 via the feedback loop 28. 

[0030] In addition, a part of the above-described DC voltage output from the 
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loop filter 24 is added to the output terminal 30 disposed on the output end of the loop 
filter 24. The PLL circuit 20 is a circuit which operates so as to phase-synchronize with 
the above-described input signal, and hence the above-described input signal correlates 
with the above-described deviation signal. Thus, the amount of change in voltage output 
from the output terminal 30 can be converted to the amount of change in oscillation 
frequency of the piezoelectric vibrating reed 12 by measuring and integrating the change 
in voltage. For this reason, a change in oscillation frequency resulting from the substance 
to be detected that sticks to the above-described piezoelectric vibrating reed 12 can be 
detected by measuring the above-described DC voltage output from the loop filter 24 of 
the phase lock loop circuit 20 at the above-described output terminal 30. Thus, for 
example, density detection of the above-described solution can be obtained when 
converted to a frequency from the amount of change in voltage output from the output 
terminal 30. Here, the buffer circuit 32 is connected to the output terminal 30, so that a 
change in frequency of the piezoelectric vibrating reed 12 can be obtained by measuring 
the voltage output from this buffer circuit 32 with a voltmeter, multimeter, or the like. 

[0031 ] According to this embodiment, an oscillation frequency which 
changes due to the substance to be detected sticking to the piezoelectric vibrating reed 12 
is phase-synchronized by the PLL circuit 20, and hence the input signal from the oscillator 
circuit 10 to the phase comparator 22 correlates with a smoothed DC voltage output from 
the loop filter 24. Therefore, a change in oscillation frequency of the piezoelectric 
vibrating reed 12 can be read by reading the amount of change in the above-described DC 
voltage output from the loop filter 24. A voltage output from the above-described loop 
filter 24 can be read out with a voltmeter, a multimeter, or the like, and hence it is not 
necessary to use a frequency counter. This enables the measuring apparatus for the mass- 
measuring vibrating reed to be made inexpensively and compactly. 
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[0032] Furthermore, in order to increase the sensitivity when a substance to 
be detected sticks to the piezoelectric vibrating reed 12, the reference frequency of the 
piezoelectric vibrating reed 12 is increased. For this purpose, however, the circuit of the 
measuring apparatus for the mass-measuring vibrating reed needs to handle a high- 
frequency signal. In the handling of a high-frequency signal in this embodiment, only the 
PLL circuit 20 handles a high-frequency signal, and therefore only the PLL circuit 20 
needs a high-frequency countermeasure. That is, the buffer circuit 32 and the subsequent 
measuring devices do not need a high-frequency countermeasure. This increases the 
resistance to external electric fields and induction. For this reason, the size of the 
measuring apparatus for the mass-measuring vibrating reed can be reduced. That is, 
unlike the known art, impedance matching between the frequency counter as a measuring 
device and the oscillator circuit is not necessary. Furthermore, the circuit which handles a 
low-frequency signal does not need a high-frequency countermeasure. This enables the 
measuring apparatus for the mass-measuring vibrating reed to be produced at a low cost. 
Furthermore, the SN ratio is not degraded compared with a case where the entire 
measuring apparatus handles a high-frequency signal. 

[0033] Furthermore, as shown in Fig. 4, in order to increase the sensitivity, 
the reference frequency of the piezoelectric vibrating reed 12 is increased and this 
frequency is then divided into a lower frequency, which is then input to the PLL circuit 20. 
The oscillator circuit 10 and the phase comparator 22 are connected via a frequency 
divider 35 disposed therebetween. The VCO 26 and the phase comparator 22 are 
connected via a frequency divider 36 disposed therebetween. 

[0034] The frequency output by the oscillator circuit 10 is divided by the 
frequency divider 35 to produce a lower frequency, which is then input to the phase 
comparator 22. Also, the frequency output by the VCO 26 is divided by the frequency 
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divider 36 to produce a lower frequency, which is then input to the phase comparator 22. 
Even though the frequency of the oscillator circuit 10 is high, the operating frequency of 
the PLL circuit 20 can be decreased by adjusting the division ratio between the frequency 
divider 35 and the frequency divider 36, and thereby a compact and inexpensive apparatus 
which is also resistive to high-frequency noise can be realized. 

[0035] In addition, according to this embodiment, a rapid frequency change 
within the range band-limited by the loop filter 24 of the PLL circuit 20 can be detected, 
and therefore a frequency change occurring in a very short period of time, for example, 

0.1 s can be measured. 

[0036] Furthermore, since the PLL circuit 20 including the oscillator circuit 
10 is a small circuit, signals output from the relevant circuit have a low-frequency-band 
voltage. Hence, it is not necessary to take into consideration, for example, impedance 
matching for a connection between the relevant circuit and a voltmeter, a multimeter, or 
the like connected to this circuit. This enables the distance from the relevant circuit to the 
voltmeter, the multimeter, or the like to be freely set. Therefore, the relevant circuit can be 
more flexibly arranged and becomes more convenient. 

[0037] Furthermore, frequency jitter occurring in the oscillator circuit 10 
can easily be eliminated by adjusting the loop filter characteristics of the loop filter 24 and 
the VCO 26, and thereby the measurement SN ratio is enhanced. 

[0038] This embodiment has been described where the oscillator for phase- 
synchronization in the PLL circuit 20 is the VCO 26. However, a voltage-controlled 
crystal oscillator or a voltage-controlled elastic surface wave oscillator can also be used to 
achieve more stable phase-synchronization of the PLL circuit 20. 

[0039] In addition, the oscillator circuit 10 and the VCO 26 can be provided 
with a temperature sensor and a temperature-compensating circuit to correct for 
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temperature characteristics between the oscillator circuit 10 and the VCO 26. 
. Furthermore, changes in frequency of the oscillator circuit 10 and the VCO 26 due to a 
change in ambient temperature become identical to each other by matching the 
temperature characteristics of the oscillator circuit and the VCD, and hence the loop filter 
output of the PLL circuit 20 does not change. For this reason, the oscillator circuit 10 and 
the VCO 26 are not affected by the ambient temperature, and therefore it is not necessary 
to install the detection circuit in a temperature-controlled environment. 

[0040] Furthermore, the frequency-change calculation section 40 can be 
connected to the output terminal 30 of the PLL circuit 20. A block diagram of this 
structure is shown in Fig. 3. This frequency-change calculation section 40 includes an 
A/D converter 41 which converts the output signal of the buffer circuit 32 from analog to 
digital, a Central Processing Unit (CPU) 42 which calculates the signal converted to 
digital, a memory 43, an input/output (I/O) device 44, a display 45, a clocking function 46, 
and a reference voltage control 47 for a reference voltage of the frequency-change 
calculation section 40. The frequency-change calculation section 40 further includes a 
D/A converter 48 which converts the calculated output signal from digital to analog and an 
output amplifier 49 which amplifies this signal. 

[0041 ] With this structure, the voltage signal output from the buffer circuit 
32 is converted to a digital signal by the A/D converter 41 and then calculated, and this 
calculation result is displayed on the display 45, stored in the memory 43, and can be 
input/output to, for example, another device via the I/O 44. Furthermore, this calculation 
result can be converted to an analog signal by the D/A converter 48, so that the analog 
signal is output via the output amplifier 49. Because of this, an output of the buffer circuit 
32, which is a voltage, can easily be subjected to A/D conversion, and therefore an 
integrated system for calculating measurement results can easily be constructed. This 



12 



Seiko Epson Ref. No. F009878US00 
Atty. Docket No. 9319S-000733 

provides an inexpensive high-accuracy measuring apparatus with high time resolution. 

[0042] In addition, the measuring method and the measuring apparatus for 

the mass-measuring vibrating reed according to this embodiment can be applied to, for 

example, a viscometer/densimeter, a moisture sensor, an odor sensor, and an ion sensor. 

First, the measurement principle for application as a viscometer/densimeter is described. 

[0043] An AT-cut piezoelectric vibrating reed performs thickness-shear 
oscillation along its surface. When this AT-cut piezoelectric vibrating reed is placed in a 
liquid and then oscillated, shear stress occurs in the liquid. Because of this, from 
Newton's equation of viscosity and the equation of vibration of a quartz vibrator, the 
following expression representing the amount of change in frequency according to the 
viscosity of the liquid is derived. 




[0044] 

[0045] In the expression described above, AF is the amount of change in 
frequency of the piezoelectric vibrating reed, F is the frequency of the piezoelectric 
vibrating reed, r\ is the viscosity of the liquid, p L is the density of the liquid, and \i is the 
modulus of elasticity of the piezoelectric material. According to the above-described 
expression, if one of the viscosity ti of the liquid and the density p L of the liquid is made 
constant, the amount of change in resonant frequency exhibits a one-to-one 
correspondence with the other. Therefore, a change in viscosity of the liquid or a change 
in density of the liquid can be obtained by measuring the amount of change in resonant 
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frequency. 

[0046] For application as an odor sensor, a sensitive membrane for 
selectively absorbing an odorant is formed on the surface of the piezoelectric vibrating 
reed. For application as a moisture sensor, an absorbing film is formed on the electrode of 
the piezoelectric vibrating reed. For application as an ion sensor, a sample solution is 
brought into contact with one electrode of the piezoelectric vibrating reed to make the 
electrode a work electrode, and is then subjected to electrodeposition with an electric field 
voltage for a certain period of time by using an electrolysis cell having a silver-silver 
chloride electrode or platinum wire as a counter electrode. Ions in the sample solution can 
be quantitatively analyzed from the amount of change in frequency of the piezoelectric 
vibrating reed arising from the above-described processing. 
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CLAIMS 

What is claimed is: 



1. A method for measuring mass from a change in oscillation frequency of a mass- 
measuring piezoelectric vibrating reed, the method comprising: 

inputting an input signal from the piezoelectric vibrating reed to a phase 
comparator of a phase lock loop circuit; and 

determining the oscillation frequency of the piezoelectric vibrating reed based on 
an output of a loop filter in the phase lock loop circuit. 

2. A measurement-signal output circuit for outputting a signal for detecting an 
oscillation frequency of an oscillator circuit which oscillates a mass-measuring 
piezoelectric vibrating reed, the measurement-signal output circuit comprising: 

a voltage-controlled oscillator oscillatable at an oscillation frequency of the 

piezoelectric vibrating reed; 

a phase detector which obtains the difference in phase between an output signal 
from the voltage-controlled oscillator and an output signal from the oscillator circuit; and 

a loop filter having an output end connected to the voltage-controlled oscillator and 
an output terminal and outputting a voltage according to the difference in phase obtained 
by the phase detector. 

3. The measurement-signal output circuit according to claim 2, wherein the 
piezoelectric vibrating reed has a sensitive membrane on an exciting electrode on one 
surface thereof and is used for measurement in liquid. 
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4. The measurement-signal output circuit according to claim 2, wherein the 
piezoelectric vibrating reed has a sensitive membrane on an exciting electrode on at least 
one of two surfaces thereof and is used for measurement in air. 

5. A measuring apparatus comprising the measurement-signal output circuit 
according to one of claims 2 to 4. 
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ABSTRACT 

A measuring apparatus for detecting a change in frequency of a piezoelectric 
vibrating reed is realized with a simple circuit. The circuit of the measuring apparatus 
includes a phase lock loop circuit 20 which includes a phase comparator 22, a loop filter 
24, and a voltage-controlled oscillator 26. An oscillator circuit 10 of a piezoelectric 
vibrating reed 12 is connected to the phase comparator 22. An output terminal 30 is 
provided downstream of the loop filter 24. In a method for measuring mass from a change 
in oscillation frequency of the piezoelectric vibrating reed 12, an input signal from the 
piezoelectric vibrating reed 12 is input to the phase comparator 22 of the phase lock loop 
circuit 20 and the oscillation frequency of the piezoelectric vibrating reed 12 is obtained 
based on the output from the loop filter 24 of the phase lock loop circuit 20. 



17 



